Physical aspects of paper mill sludge application for wheat production, their relative significance and interactions were investigated in a slow swelling-shrinking soil in a temperate climate by a field experiment. Other treatments were mineral fertilizers to gauge nutritional aspects. Treatment with N and K mineral fertilizers combined and the high rate sludge application as mulch, both increased yield when low potassium kinetics otherwise caused potassium deficiency in wheat. High specific surface may increase mechanical resistance to root growth and lower nutrient uptake (K). There are two potential apposing physical aspects of sludge application on swelling-shrinkage rate and K diffusion, also root growth (low mechanical impedance) and nutrient uptake; a positive interaction by increasing soil water content in root zone versus a negative interaction by decreasing diurnal soil temperatures to suboptimal values especially before wheat heading. Low soil temperatures under sludge may become critical for shoot propagation and head density at sub-optimal temperatures of cold years for wheat growth.
. Possible beneficial physical effects of organic matter incorporation observed for experiments conducted under different climatic and soil conditions (especially potassium). With a fixed quantity of ions according to their exchange capacity, electric diffuse double layers are semi-permeable membranes which are impermeable to cation loss (except by exchange) but permeable to water. Therefore act as osmometers allowing soil swelling-shrinkage. A difference in osmotic potential provides the driving force for truncated diffuse double layers (TDDL) to imbibe water from bulk soil solution and achieve full extension or by water loss to soil solution to achieve greater truncation (Hillel, 1980) . Osmotic potential readjustments in soil solution and TDDL are rapid in rigid soils and hence ionic diffusion. Swelling-shrinkage could be also relatively rapid with high permeability of coarse pores located between the coarse colloids (montmorillonite). Swelling soils contain either colloids of high cation exchange capacity (montmorillonite in vertisoils) or high external specific surface (illitic clays) with small micelles (Marshal & Holmes, 1992) . Internal specific surface does not control swelling because interlayer swelling is minimal relative to inter-micellar swelling (van Olphen, 1977) . External and total specific surfaces were 112 versus 117 m 2 g -1 for illitc clay and 66 versus 732 m 2 g -1 for montmorillonite (Marshal & Holmes, 1992) . Osmotic equilibration between TDDLs and surrounding solution to attain complete imbibitions and extended diffuse double layers requires about 15 days with small pores within small micelles of fine (illitic) clays (Hillel, 1980) . With 43.8% volumetric soil water content for 24 hours saturation (incomplete swelling), 130 m 2 g -1 specific surface and 1.36 g cm -3 dry bulk density, a uniform water film on soil particles is 2.5 nm thick at the site of experiment with illite dominance in clay fraction ). This would be even less when soil is drier. Two and half nano-meter is less than the thickness expected by fully extended double layers in non saline normal soils. Bolt et al., 1978 also pointed out that diffuse double layer may not be fully extended with a soil specific surface greater than 100 m 2 g -1 , when saturation time limited. With slowly swelling-shrinking soils (SSSS's), increased truncation diminishes TDDL-B.S. contact surface and increases potassium diffusion path from colloidal surface to bulk solution. Temporal nature of soil water content in temperate climatic zones negates complete osmotic readjustments and maximum potential swelling as they are slow processes (except with paddy rice cultivation). It maybe hypothesized that increased DDL truncation with high specific surface in SSSS's may affect ion diffusion and availability for plants (K) despite ample quantities present in diffuse double layer. Status of aggregation affects swelling-shrinkage rates in soils with high specific surface and hence potassium availability. In high specific surface soils with illite dominance in clay fraction, potential potassium deficiency therefore, could be a function of potential swelling with the ambient climatic conditions (as affect root zone soil wetness) and the status of aggregation. Potassium availability was increased with increased status of aggregation in these soils (Alaeddin, 2011) . Ca antagonistic effect reduced potassium root uptake with calcium super-phosphate (low applications). High applications as CaSO 4 or CaCl 2 increased potassium desorption and availability however (Vafakhah, 2011; Farhangi, 2011) .
Since TDDLs and soil solution act as osmometers, the slower the osmotic potential readjustments with SSSS's, the greater the osmotic potential difference at any point in time which incurs greater cohesion between soil particles and hence mechanical resistance. Organic amendments may affect soil water content.
According to Darcy's law, hydraulic conductivity and gradient control hydraulic flux density within micellar pores and hence swelling-shrinkage rates. Fluidity is influenced by soil temperature and hence hydraulic conductivity. Hydraulic gradient and mechanical resistance are influenced by soil water content. Organic amendments modify soil temperature and water both.
With a temperate climate along Caspian Sea (north Iran) and an illitic high specific surface SSSS's, the objectives of this research were: 1) to describe soil potassium availability for wheat; 2) to investigate the effect of sludge application with two modes of application (incorporation and mulch) and two rates on soil temperature, dry bulk density, water and mechanical resistance.
Looking into modes of amelioration by paper mill sludge and also interactions. That is to compare the effects of sludge on wheat growth that were mediated by changes in nutrient (K) supply with those mediated by soil physical properties or the plant water stress with limiting status of aggregation for potassium diffusion 2. Materials and Methods
The Site and Climate
The field trials were located on the estate of Gorgan University of Agricultural Sciences and Natural Resources (Pardis), Golestan province, Iran (approx. 37° 45' N, 54° 30' E. altitude 13 m A.S.L.). The average annual rainfall (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) was 545.8 mm and mean air temperatures (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) were 8.5 ℃ for January, 8 ℃ for February and 9.9℃ for March; close to minimum for tillering and shooting. Tillering and shooting occurred early February and early March respectively. For the year of trial (2005) , the January to June rainfall and maximum May temperatures (at milk stage) were 365 mm and 19.9 ℃. Although these temperatures are sub-optimal for the crop, by regional standards, 2005 was wet and moderate. Mean daily temperature for optimum growth and tillering is between 15 and 20℃ for wheat. Mean daily temperatures of less than 10 to 12℃ during the growing season make wheat a hazardous crop. For winter and spring wheat, minimum daily temperature for measurable growth is about 5℃ (Doorenbos & Kassam, 1979) . According to Sys, 1985 , daily temperature for optimum growth at vegetative stage is between 8 to 12℃ for wheat in Iraq. Spring wheat varieties are used in Golestan province by winter cropping, because chilling requirement for heading (vernalization) is not met for winter wheat due to mild winters of most years. Base, optimum and maximum temperatures for the variety used (Triticum aestivum, Var. Tajan) were 4.14 ± 2.04, 28 ± 0 and 37.0 respectively (Ahmadi, 2007) 
Treatments
Treatments were 50 t ha -1 (I 50 ) and 100 t ha -1 (I 100 ) paper mill sludge incorporated with top soil (I treatments), 50 t ha -1 (M 50 ) and 100 t ha -1 (M 100 ) paper mill sludge applied as mulch (M treatments). Applications were based on sludge dry weights. Other treatments were N 0 P 0 K 0 , N 92 P 0 K 0, N 0 P 50 K 0, N 0 P 0 K 83, N 92 P 50 K 0, N 92 P 0 K 83, N 0 P 50 K 83, N 92 P 50 K 83 . Subscripts are kg ha -1 N, P and K. Fertilizer sources for N, P and K were urea, triple superphosphate and potassium sulfate. Triple superphosphate, potassium sulfate and also one third urea were incorporated to soils to a depth of 0.20 m in respective treatments with mineral fertilizers immediately before drilling with a spade. One third of urea was incorporated at tillering and the remaining one third at heading using a manual furrower.
The land had been ploughed and disked before any treatments were applied. For the mulch treatments the paper mill sludge was applied uniformly over the land immediately after sowing manually. Where the sludge was to be incorporated (I 50 and I 100 ), it was initially applied uniformly as a mulch and then incorporated to a depth of 0.2 m manually using a spade before drilling.
Seeds were treated with 5,6-dihydro-2-methyl-1,4-oxathiin-3-carboxamide fungicide powder (Vitavax
Super, Bayer CropScience Inc. Canada) was applied early March for curbing Oat (Avena sativa). Other weeds such as Turnip (Brassica napus), Milk Thistle (Silybum marianum) and Bastard Cabbage (Rapistrum rugosum) were removed later manually.
Experimental Design
A completely randomized block design was used with plot size 3 m× 2 m. Each treatment was replicated three times. Soil was a Typic Haploxerepts (Rahmat Abad soil series) of silty clay loam texture from a loess origin. Paper mill sludge with a dry bulk density of 250 kg m -3 and approximately 70% water content was applied on December 30, 2004 and laid on M treatments immediately after drilling or incorporated in the I treatments immediately before drilling at the same day. Wheat was drilled on 30 December 2004 with seeds 0.02 m apart, and 0.15 m between the rows, equivalent to 3300000 seeds per hectare.
Physical, Chemical and Mineralogical Compositions of Soil and Sludge
A composite soil sample was obtained from 0-0.25 m depth from the site of the experiment for physical, chemical and mineralogical determinations. Soil textural class was silty clay loam by the hydrometer method (Klute, 1986) . Soil particle and the sludge size distributions were obtained with lazer (using Malvern MASTERSIZER-S) and on a series of sieves respectively. 20, 40, 60, 80 and 100% of paper mill sludge particles were less than 0.16, 0.48, 1, 9 and 15.8 mm in diameter, respectively which are much larger than most soil particles, reducing bulk density when mixed with soil. Other determinations were soil and sludge organic carbon content using a potassium dichromate method (1.43 and 22.4%, respectively) and soil saturation percentage from a saturated soil paste (49%). Bulk density was obtained through core sampling.
Soil specific surface area (130 m 2 g -1 ) was determined using Ethelene glycol monoethyl ether method (Carter et al., 1965) . Mica (illite) was the dominant soil mineral with X-ray diffraction technique (Kittric & Hope, 1971 ) using a D8-ADVANCE Model. Other minerals were smectites, kaolinites and chlorites in a descending order (Johns et al., 1954) .
The sludges obtained from Mazandaran wood and paper mill (Iran). In this mill, mechanical and chemical methods (both Kraft and sulfite processes) are used for pulping or wood fiber breakdown. The paper mill sludge used for this research is a mixture of primary and secondary sludge (combined sludge). N, P, K, Ca and Mg percentages were 1.2, 0.25, 0.128, 0.412 and 0.145, respectively. pH was 7.38 and electrical conductivity 3.1 ds m -1 in the soil paste extract.
Measurements
Volumetric water contents were determined gravimetrically on soil cores (204 cm 3 ) for 0-0.10 and 0.10-0.20 m depths at 17 February, 6 March, 5 May, 13 May, 27 May and 5 June, 2005 on six occasions by oven drying. At same dates mechanical resistances obtained in field with a portable cone penetrometer. Using permanent thermocouples soil temperature measurements at 0.20 m were taken at around 06.00 A.M. and 3.00 P.M. at same dates in order to provide a diurnal contrast. Dry matter percentage and crop cover percentage (using a ruler) were also established. In ruler method a 1 meter ruler first is laid parallel to rows and under the crop canopy touching the stems. The uncovered soil percentage is thus established. Next the ruler is laid perpendicular to rows and the uncovered soil percentage also established. This must be repeated randomly at selected locations within the same plot. Considering the distance between rows, the cover percentage is calculated. In this method the cover percentage determined by ruler is multiplied for both perpendicular and parallel states, assuming the row spaces are 1 m apart. Since the row spaces were 0.20 m apart in this experiment, a correction factor was used (1/0.2) (Cook, 1986) .
Fresh and dry yield obtained at six occasions during growing season to obtain dry matter percentage. At harvest 1 m 2 from the centre of each plot was harvested manually for determining fresh yield. A sub-sample was used for determining dry grain and straw yield. Head densities (per square meter) were also recorded at harvest.
Data analysis used an ANOVA method with the SAS statistical package (version 6/12) and regressions with Excel (version 5).
Results

Dry Grain Yield, Shoot Dry Matter and Head Density
Differences between treatments for dry grain yield, shoot dry matter and head density (heads per square meter) were significant by analysis of variance (P<0.01). Dry grain, shoot dry matter yield and head densities are found in Table 1 for different treatments. N 92 P 0 K 83 and high rate mulch application returned greatest shoot dry matter yield (grain+straw). Shoot dry matter with N 92 P 50 K 83 was less than N 92 P 0 K 83 . Greatest head density obtained under incorporation treatment with both rates and high rate mulch application.
Shoot Dry Matter Percentage at Six Occasions during Growing Season
Differences between treatments for dry matter percentage was not significant by analysis of variance at the first occasion but it was significant for other measurements (P<0.05). Dry matter percentage with N 92 P 0 K 83 and high rate mulch was greater than other treatments during growing season (Table 1) , resulting lower plant tissue water relative to other treatments. Table 2 shows soil particle size distribution. 30.5 percent of the soil particles were smaller than 2 micrometer in size, excluding soil textural class from the clay category because clay soils contain at least 35% clay. 2.8 percent of the soil particles were smaller than 0.2 micrometer in diameter and 0.135% less than 100 nanometer (nano particles), producing a high specific surface. The measured soil specific surface was 130 m 2 g -1 . A high specific surface may be expected even with medium textured soils when they contain high quantities of very fine clays. Colloids (less than 10 micrometer in diameter) form 66% of the soil mass but less than 0.2% is occupied by coarse sand ( Table 2) . As already mentioned in introduction, SSSS's are expected with high quantities of illite and specific surface. Vol. 5, No. 1; Differences between treatments for dry bulk density were significant by analysis of variance with the first and second measurement (P<0.05). Sludge incorporation manifested minimum dry bulk densities throughout growing season (with all measurements; Table 3 ).
Soil Particle Size Distribution
Dry Bulk Densities for 0-0.10 m Depth during Growing Season
Dry Bulk Density for 0.10-0.20 m Depth during Growing Season
Differences between treatments for dry bulk density were not significant by analysis of variance for any of the six measurement dates (P<0.05). Dry bulk density values within 0.1-0.2 m with high rate mulch application and both incorporation treatments were still lower than N 0 P 0 K 0 throughout growing season (at all measurement dates) irrespective of statistics (Table 3) .
Volumetric Soil Water Content for 0-0.10 m Depth during Growing Season
Differences between treatments for soil volumetric water content were significant by analysis of variance throughout growing season with the exception of the third measurement P<0.05).
High rate mulch application significantly decreased moisture loss and increased soil volumetric water content relative to N 0 P 0 K 0 throughout growing season; water content values were also greater than other treatments in Table 4 . Soil water content for low rate incorporation was significantly greater than N 0 P 0 K 0 with two earliest measurements and for high rate incorporation with the three earliest measurements (Table 4) . Relative to incorporation, the effect of mulch treatments on soil volumetric water content became more pronounced at the end of growing season when the evaporation potential was high. Soil water content was not also different with control and mineral fertilizers.
Volumetric Soil Water Content for 0.10-0.20 m Depth during Growing Season
Differences between treatments for soil volumetric water content were significant by analysis of variance (P<0.05) with the three last measurements (out of six measurements).
With the four last measurements, high rate mulch application significantly raised soil water content compared to all mineral fertilizer treatments and control (N 0 P 0 K 0 ). Soil water content with high rate mulch application was also greater than other sludge treatments irrespective of statistics (Table 4) . Means within the same column followed by the same letter are not statistically different at P = 0.05 (Fisher's LSD)
Soil Mechanical Resistance (0.20 m depth) during Growing Season
Differences between treatments for soil mechanical resistance were significant by analysis of variance (P<0.01) with all measurements.
Soil mechanical resistance by both incorporation treatments was significantly less than all mineral fertilizers and also N 0 P 0 K 0 during growing season (Table 5) . Soil mechanical resistance with high rate of sludge incorporation was less than the low rate application during growing season irrespective of statistics. Soil mechanical resistance was also significantly less than all mineral fertilizers and N 0 P 0 K 0 with both mulch treatments with 1 st and 2 nd measurements. Soil mechanical resistance with high rate mulch application was also less than low rate mulch during growing season irrespective of statistics. 
Soil Temperatures for 0.20 m Depth at 6 A.M. and 3 P.M. during Growing Season
Differences between treatments for soil temperatures at 6 A.M were significant by analysis of variance with the first (P<0.01), second (P<0.01) and the fourth measurement (P<0.05). They were also significant at 3 P.M. with all measurements (P<0.01).
High rate mulch significantly increased 6 A.M. soil temperatures relative to N 0 P 0 K 0 and also mineral fertilizers by the two earliest measurements, relative to low rate mulch by the first measurement and relative to high rate incorporation by 1 st , 2 nd , 4 th and 5 th measurements. With low rate mulch, 6 A.M temperature was greater than low rate incorporation by 1 st , 4 th , 5 th and 6 th measurements. Generally speaking, both mulch treatments raised 6 A.M temperatures during growing season relative to other treatments, in some occasions irrespective of statistics (Table 6 ).
Mulch treatments both significantly lowered 3 P.M soil temperatures compared to N 0 P 0 K 0 and also mineral fertilizers during growing season with the exception of the third measurement which returned insignificant reductions. By 3 rd , 4 th and 6 th measurements, temperature with the high rate mulch was significantly lower than the low rate mulch and also lower than the high rate sludge incorporation by last four measurements. With 1 st , 4 th and the 5 th measurements, low rate mulch lowered 3 P.M soil temperatures compared to low rate incorporation (Table 6 ). Both incorporation treatments raised 6 A.M soil temperatures significantly compared to N 0 P 0 K 0 with the first and second measurements and insignificantly with other measurements. They also lowered 3 P.M soil temperatures relative to N 0 P 0 K 0 with the third measurement and insignificantly with other measurements. Diurnal and nocturnal soil temperature differences (fluctuations) were significant between treatments for all measurements (data not shown) by analysis of variance (P<0.01). High rate mulching (100 MG ha -1 ) reduced the seasonal midday soil temperature ranges from between 13.1℃ and 33.2℃ to between 9.6℃ and 27.5℃, averaging a 3.9℃ fall. Temperatures by high rate incorporation (100 MG ha -1 ) dropped to between 11.3℃ and 31.7℃ instead, averaging a 2.1℃ fall. This drop was not detrimental to head density by sludge application in the moderate year of 2005 however it may become critical in cold years.
Discussion
Nitrogen (N 92 P 0 K 0 ) and phosphorous (N 0 P 50 K 0 ) fertilizers did not affect dry grain yield as yield production with these treatments (Table 1) Vol. 5, No. 1; supplementation. N 0 P 0 K 83 (3630.7 kg ha -1 ) was not as effective as N 92 P 0 K 83 on yield. Combined N and K applications are normally more effective through some interactions than the individual K applications (Havlin et al., 2005) . Potassium uptake may increase translocation rate of assimilates which uses energy from ATP that requires K for its synthesis. Nutrient root uptake (nitrogen fertilizer use efficiency) and plant growth may be improved by low concentration of assimilates in leaves. Potassium is also important as a counter-ion for NO 3 -transport in the xylem. Dry grain yield values with N 92 P 0 K 83 and high rate of mulch were also greater than other treatments (Table 1) . Triple super-phosphate in N 92 P 50 K 83 diminished yield relative to N 92 P 0 K 83 by calcium release and lowering K: Ca+Mg ratio (Amini et al., 2012) . Incorporation treatments lowered dry grain yield relative to other treatments (2264.3 and 2158 kg ha -1 for I 50 and I 100 , respectively); their difference with N 0 P 0 K 0 was not significant however. Sludge incorporation may also lower this ratio similarly. K:Ca+Mg ratio may be high in soil by mulch application as these cations are diverged due to a non linear exchange isotherm and greater dislocation by surface application and decomposition (Amini et al., 2012) . Cations released by sludge decomposition are diverged along their traveling path in soil due to their non linear exchange isotherm and variable mobility. Due to greater rain infiltration, traveling distance and divergence are greater for surface applied cations by mulch relative to incorporation. Cation competition for entering roots (negative ionic interactions) and their antagonistic effect is minimized by mulch application (Amini et al., 2012) or using pure mineral fertilizers alternatively. When a nutrient ratio is optimal, optimum yield occurs unless some other limiting factor limits yield (Havlin et al., 2005) . Plant nutrient ratios can be used to assess crop nutrient balance. For example K : Ca, K:Mg and K:Ca+Mg and other ratios are commonly used. Ca additions by a batch reactor experiment enhanced potassium desorption from water saturated soils, in the site of experiment (Rezaei & Movahedi Naeini, 2009 ).
Three hundred and eighty mg kg -1 potassium at the site of experiment (Amini et al., 2012 ) is very high based on general calibration for the NH4OA C soil test (Havlin et al., 2005) . Values near 600 mg Kg -1 are frequently reported at close vicinity (Sebti et al., 2009 ). Potassium was not sufficient however for wheat growth as is inferred from increased yield when potassium and urea fertilizers were used combined by N 92 P 0 K 83 treatment (Table 1) . NH 4 OAc soil test extracts potassium from TDDL all of which is not available to plants. Limited TDDL-soil solution interface with high specific surface SSSS's limits rapid diffusion rendering nutrients slowly available. Lack of strong correlation (0.41; P=0.0135) between soil potassium concentration and plant potassium uptake (Amini et al., 2012) suggests NH 4 OAc soil test is not suitable for extracting plant available potassium from swelling soils characterized by high specific surface and illite dominance in clay fraction. Correlation between soil potassium concentration and grain yield and shoot dry matter were (0.45; P=0.01) and (0.34; P=0.05), respectively (Amini, 2007) . 1 N NH 4 OAc, extracts unavailable K from soils with high K release and retention properties of illitic nature (Havlin et al., 2005) . Sodium tetra-phenyl boron mimics root potassium uptake by plants (Cox et al., 1996) and hence diffusion rate (important in swelling soils with high specific surface), whereas 1 N NH 4 OAc extracts soil exchangeable and bulk solution potassium. High correlations (P=0.05) were found between sodium tetra-phenyl boron K soil test (by one minute extraction) and grain wheat potassium uptake (Talebizadeh, 2009 ) at the same experimental site. They were 0.90 and 0.71 with soil samples obtained before heading and at harvest, respectively. Similar values for NH 4 OAc soil test were 0.53 and 0.63, respectively. Correlations between sodium tetra-phenyl boron soil test and grain yield were 0.91 and 0.74 before heading and at harvest, respectively. Similar values for NH 4 OAc soil test were 0.54 and 0.65, respectively. With a different experiment (Vafakhah, 2011) , correlations between sodium tetra-phenyl boron soil test and grain yield were 0.84 (P=0.01) and 0.73 (P=0.01) before heading and at harvest, respectively. Similar values for NH 4 OAc soil test were 0.53 (P=0.05) and 0.54 (P=0.01), respectively.
Contrary to field experiments, diffusion and exchange rates may be rapid with high specific surface soils in batch reactors where less TDDLs are envisaged due to shaking and enhanced osmotic potential equilibration. According to Sposito (2008, page 228) , readily exchangeable ions most probably engage in reactions with rates that are transport controlled, not reaction controlled. Even with diffusion taken as rate limiting processes for ion exchange there remains to distinguish between film diffusion and intraparticle diffusion. In general, soil particles with large specific surface areas should favor film diffusion, whereas those with significant microporosity should favor intraparticle diffusion. Similarly exchange reactions are expected to be intraparticle diffusion controlled as a result of large specific surface. The half life for the exponential decline in concentration of species i in the bulk aqueous solution phase decreases with increasing soil specific surface (Sposito, 2008, page 93) .
Fine textured soils do not always point to very high specific surface, despite the general perception. A medium textured soil containing less total clay but more fine clays (such as silty clay loam soils in this research; Table 2 ) may exhibit very high specific surface (130 m 2 g -1 ). With a high specific surface, ions are kept in a thin water layer around soil particles slowly accessible to roots by diffusion. This may highly raise K sufficiency levels above the established general calibrations for various extractants. High specific surface soils containing fine clay particles may exhibit strong mechanical resistance to root growth by cementing various sizes of soil particles. Limited root growth limits plant nutrient uptake and yield. Soil saturated hydraulic conductivity with these silty clay loam soils was frequently observed to be less than 0.08 m day -1 , which is lower than what is expected from many clayey soils.
Low dry bulk density with both incorporation treatments was likely due to greater total porosity with sludge positioned between soil particles and its relative density. With a thick cover, high rate mulch application reduced compaction and the dry bulk density relative to low application. Total porosity is decreased and dry bulk density increased as environmental factors such as rainfall gradually slump and compact topsoil during the growing season. Note average values for different dates in Table 3 with all treatments. Effect of environmental factors on increasing dry bulk density was less pronounced for 0.10-0.20 m however. Low dry bulk density at soil surface (0-0.10 m depth) relative to 0.10-0.20 m could be due to higher porosity. Frequent topsoil desiccations below air entry value and subsequent colloid expansion by wetting through rainfall, incorporate more air into soil aggregates. Haines (1923 ( , in Baver, 1959 explains this mechanism. Treatment effects were subtle at 0.10-0.20 m with less moisture variation relative to 0-0.1. Joudi and Movahedi Naeini (2007) also reported dry bulk density at 0-0.05 m was less than 0.05-0.10 m under wheat in the same field by measurements starting from early January.
Increased soil water content at 0-0.2 m with both incorporation treatments may be due to low dry bulk density. Low bulk density often increases macro porosity at the cost of micro porosity, decreasing unsaturated hydraulic conductivity, capillary rise and evaporation but increasing saturated hydraulic conductivity and infiltration. Joudi and Movahedi Naeini (2007) found that light expanded clay aggregates increased total and macro porosity and reduced evaporation rate with same soils. Water retention by paper mill sludge may also increase soil water content by incorporation, especially when is used at high rate. Organic matter absorbs and holds high quantities of water at potentials less than 15 bar (Baver, 1959) . The greatest crop cover percentage (data not shown) and respective transpiration potential were also found with these two treatments. Different mechanisms control soil water content under mulch however, which are briefly as follows (Hofmann in Geiger, 1965) : lower thermal conduction and solar energy supply to the soil surface for evaporation, increase soil solution concentration by dissolved organic salts lowering vapor pressure gradient for evaporation and also increasing vapor transfer path within the laminar air layer located between soil surface and turbulent atmosphere. With a thick mulch cover and the respective thick enclosed laminar air layer, high rate mulch application is expected to be more effective in curbing evaporation and retaining soil moisture than the low rate.
Despite high yield with N 92 P 0 K 83 and high rate mulch, their plant tissue water content was less than other treatments during growing season. High yield by these treatments is not therefore as a result of plant water stress alleviation. Despite different yield and canopy production, soil water content was not also different with control and mineral fertilizers. This also supports the idea that tissue water stress was not limiting yield. The mere fact that some mineral fertilizers increased yield production justifies this conclusion. Tissue water stress is not normally limiting in temperate climates for winter crops but soil water may limit nutrient diffusion. Potassium in soybean and corn leaves are less than sufficiency levels in dry years even with high levels of potassium fertilizer applications (Havlin et al., 2005) . Increasing soil water content may accelerate potassium diffusion and root extension by lowering mechanical resistance. Increasing soil water content from 10 to 28 percent increases total potassium transport by 175% (Havlin et al., 2005) . It is frequently observed that irrigation in the area surrounding the site of experiment and high rainfall at neighboring towns and provinces (Mazandaran & Gillan) increase wheat production. With sufficient nutrients, heat and sunlight water stress may emerge as limiting for some summer crops in Golestan province and irrigation may reduce the time lag between transpiration and root water uptake.
Incorporation treatments lowered soil dry bulk densities during first three measurements at the top 0-0.10 m. They reduced mechanical resistance throughout growing season however. Low dry bulk density by incorporation treatments is not therefore the only cause depressing soil mechanical resistance. Incorporation treatments did not also affect bulk densities at 0.10-0.20 m any time during growing season. With mulch treatments, low soil mechanical resistance could be due to increased soil moisture as they were not as effective as incorporation treatments on bulk density. Soil mechanical resistance is controlled by combined effects of dry bulk density and soil water content and impacts root extension, plant water and nutrient availability (Wild, 1988) . Slow imbibitions and incomplete swelling of soils in sub humid climate of north Iran may induce greater cohesion and mechanical resistance in addition to cementing effects of high quantity fine clays in high specific surface soils.
Even a slight early season drop in dry bulk density with soil conditioners is expected to advance root growth and establishment of seedlings with marginal impeding physical conditions, and also advance the harvest where growing season is limited by the upcoming cold (Jalota & Prihar, 1990) . Head density before shooting is the determining factor for the final wheat yield and Hosseini (2011) concluded an extra shallow tillage between rows of wheat after plant establishment in the same field site may lower mechanical impedance to root growth and improve yield. Aggregate dispersion and soil loss may not be a matter of concern in these soils by shifting away from minimum tillage. High specific surface soils cope with more intensified tillage as their aggregates may stabilize to initial status quickly as a result of their high quantities of fine active clay. Other means of increasing root density like using Azotobacter also improved yield (Sebti et al., 2009 ). Mechanical impedance is not usually limiting root growth and plant yield with aggregated loam soils in temperate climates by normal rain. It is limiting however with high specific surface soils. According to Wild (1988) , there is a positive correlation between soil dry bulk density and mechanical resistance, given similar water contents. This may not stand when usual and high specific surface soils are compared which needs further research. Ameliorating mechanical resistance may also be more rewarding with high specific surface soils due to limited ionic diffusion from TDDL to bulk soil solution to replenish potassium which is the most limiting factor for wheat growth when N is in sufficient supply.
The most limiting factor for wheat production was not soil mechanical resistance in this research as yield productions with incorporations were less than N 0 P 0 K 0 , despite low soil mechanical resistance under these treatments. There maybe an interaction between mechanical resistance and potassium uptake through impacting root growth however. The degree to which changes in soil physical conditions by amendments involve an interaction or meet the most limiting plant growth factor is weather dependent and depends on factors such as evaporative demand of atmosphere for evaporation and soil temperature. With adequate rainfall and moderate temperature conditions alterations in aggregation or bulk density (also other soil physical properties) will have a smaller impact on the physical properties which directly affect plant growth (e.g. Temperature, moisture, aeration and mechanical resistance). For instance when rain is frequent and high, incorporation impacts on soil mechanical resistance are subtle and are not plausible in terms of plant response. The same applies to temperature and aeration.
Low thermal conductivity by organic mulch (sludge) possibly decreased diurnal and increased nocturnal soil temperatures through decreasing sensible heat exchange between soil and the mulch surface. Similar observations were already reported by Joudi and Movahedi Naeini (2008) in the same field site with organic mulch. Mulch and incorporation both increase thermal diffusivity for the incoming diurnal and outgoing nocturnal heat through increasing soil water content. This lowers diurnal and increases nocturnal superficial soil temperatures and minimizes daily fluctuations. Similar results were found for temperature fluctuation by Movahedi Naeini and Cook (2000) and Joudi and Movahedi Naeini (2008) . The thick sludge cover by high rate mulch application was more effective in decreasing superficial thermal fluctuation than the low application. The effect of temperature on K uptake is through the changes on both K availability and root activity. Temperature controls sludge decomposition rate and K diffusion from exchange sites to soil bulk solution and hence K availability. It also affects water viscosity and fluidity and hence swelling-shrinkage rates.
Diurnal soil temperature values (averaged for the three replicates) for N 0 P 0 K 0 , incorporation and mulch treatments were plotted against measurement dates in Figure. 3. This figure suggests greater diurnal temperature drops by organic mulch as seasonal temperatures increase. Movahedi Naeini and Cook (2000) also found similar results. Organic mulch is expected to be more efficient in curbing energy when facing greater diurnal thermal gradients. Greater yield by mulch treatments relative to N 0 P 0 K 0 suggests that the depressed yield by incorporation was not due to low diurnal soil temperatures however. Stronger antagonistic interactions may be at play (Ca). Both Ca and Mg compete with K for uptake; thus, soils high in one or both may require K fertilization for optimum K nutrition. Thus, the K availability is somewhat more dependent on its concentration relative to Ca and Mg than on the total quantity of K present (Havlin et al., 2005) . Mulch and incorporation treatments both lowered diurnal soil temperature relative to N 0 P 0 K 0; in average 3.9℃ and 2.1℃ fall, respectively. Amendments may lower yield in cold years by shifting soil temperatures further away from optimum. At sub-optimal temperatures for wheat production under the temperate conditions of north Iran, the difference may be critical for shoot propagation and density before heading. Providing high K levels to increase K uptake at low temperatures (by sludge decomposition) overcomes adverse effects of low temperature on availability, swelling potential and diffusion (Havlin et al., 2005) however.
There were two potential apposing mechanisms affecting K diffusion by mulch and incorporation; a synergistic effect through increased soil water content in the root zone against depressed diurnal sub-optimal soil temperatures (antagonistic effect). Potential increased root growth by low mechanical resistance (synergistic effect) may also increase potassium uptake. Ca release into root zone by incorporation prevented manifestation of all synergistic benefits on K availability, diffusion and uptake however (Amini et al., 2012) . Soil amendments increase yield, when the most limiting plant growth factor (or subsequent limiting factors) are met directly or through a number of interactions. Soil physical and non-physical growth factors interact and affect yield. Positive interactions were between root K uptake (also diffusion) and soil water, sludge decomposition rate and soil temperature. Negative interactions were between root K uptake and mechanical resistance, root K uptake (also swelling and diffusion) and soil temperature, K uptake and Ca additions. There is also an interaction between climatic conditions and soil water and temperature. Considering modes of amelioration by sludge for different soil and climatic conditions and their interactions helps manage quantities and modes of applications. Decomposition rate with mulch was greater than incorporation which lowers application rates with mulch when nutrients are concerned. In the current experiment in a soil with high specific surface illitic SSSS which may limit root growth and potassium diffusion, sludge application as mulch is favored because Ca interaction with K depressed potassium uptake and yield when the mode of application was incorporation. Soil amendments are versatile to meet limiting plant growth factors in different soil units and climatic conditions as they alter many soil physical properties and supply many nutrients.
Sludge application potentially enhances root growth, potassium uptake and yield by increasing soil water and lowering bulk density and mechanical resistance. Sludge may be more effective on yield production with marginal soil physical properties and climatic conditions. Mulch and incorporation did not lower water stress in this experiment by dry land culture. They may lower plant water stress in dry climates and with some sufficiently nourished summer crops in Golestan province however. Compared to ameliorating soil physical properties by sludge application and their interactions, greater credit may go to potassium supplementation through sludge decomposition with the soil and climatic conditions in this research.
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